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Abstract 
As an alternative to the conventional Haber-Bosch process for NH3 synthesis that operates under 
harsh conditions, an electrochemical process has recently been pursued. Here, using a joint 
experiment-density functional calculation approach, we determine the activity trend of four 
transition metals (TMs) (Fe, Ru, Rh, and Pd) for N2 reduction to NH3: Fe > Ru > Pd > Rh, where 
the protonation step of *N2 to form *N2H (* indicates surface sites) is a potential determining 
step (PDS). The activity trend of the electrocatalysts is determined by the ability of the adsorbate 
(*N2) over the catalyst surfaces to easily obtain electrons at the PDS with an assumption of a 
scaling relationship between the activation energy barrier and the free energy difference. In 
electronic structures, the ability can be estimated by the energy difference between the LUMO 
(lowest unoccupied molecular orbital) of the adsorbed N2 on the TM surfaces and the fermi 
energy (EF). For early TMs (e.g., Sc and Ti) where the PDS is *NH protonation reaction to form 
*NH2, the activity of the TMs can be similarly explained with an electronic structural feature that 
is the energy difference between the LUMO of the *NH and the EF. Based on the origin, we 
additionally consider ten TMs (Ni, Cr, Mn, Co, Cu, Mo, Ag, W, Pt, and Au) and then determine 
the activity trend of the total sixteen diverse TMs for NH3 synthesis. We expect that this work 
could pave the way to novel alloy catalysts with a high activity for electrochemical NH3 
synthesis.  
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1. Introduction 
As an alternative to the conventional Haber-Bosch process for ammonia (NH3) synthesis 
operated at high pressure (150-300 atm) and high temperature (400-500 °C),1,2 an 
electrochemical process has recently been pursued due to its low energy consumption (basically 
low pressure, low temperature approach) and eco-friendly environment.3-6 The electrochemical 
process operates via an associative nitrogen reduction reaction (NRR) in which nitrogen 
molecules (N2) are hydrogenated by protons,7-16 as opposed to the dissociative mechanism of N2 
in the Haber-Bosch process.17-20 Of the several elemental steps in the NRR, a few of potential 
determining steps (PDSs) were reported for transition metal (TM) catalysts,21-23 in particular, the 
reduction of *N2 to form *N2H (where * indicates a surface site) versus *NH protonation to form 
*NH2 or *NH2 protonation to form *NH3, which depends on the types of the TMs when the 
associative mechanism has been considered on the close-packed surfaces of the TMs.22 However, 
the origin of NRR activity is still unclear. An electronic structure calculation such as density-
functional theory (DFT) can be significantly useful to understand the origin. In particular, since 
the associative NRR involves an electron transfer to adsorbed N2 during chemical reactions, it 
can be expected that electrocatalyst activities can be determined by the ability of the adsorbate 
(e.g., *N2 or *NH) over the catalyst surfaces to easily obtain electrons, which can be explained in 
their electronic structures. 
For better understanding of the NRR mechanism and the improved design of highly 
active NRR catalysts, it is essential to explore and understand the activity trend of TMs as the 
simplest system. Although DFT studies on the activity trend have been reported,21-23 an 
experimental investigation ascribed by the DFT calculations is very limited. Besides, the activity 
trend of Ru and Fe is widely debated,3,22,24 and many researchers still have a question; what 
really is the most active TM for the NRR? Herein, we perform a joint theory-experiment study to 
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determine the activity trend. During the electrochemical NH3 synthesis, the NRR competes with 
the hydrogen evolution reaction (HER), leading to the selectivity issue. However, in this work, 
we focus on the activity property of TMs. We unveil the origin of the catalytic activity of four 
TMs (Fe, Ru, Rh, and Pd) for NRR to NH3. Based on the origin, we expand the theoretical 
approach to 12 other TMs (Sc, Ti, Ni, Cr, Mn, Co, Cu, Mo, Ag, W, Pt, and Au) and then 
summarize the activity trend of the 16 total TMs for NH3 synthesis. To the best of our knowledge, 
this study reports the first direct comparison between experimental and theoretical activities of 
various TMs for the NH3 synthesis. 
 
2. Methods 
2.1. Computational Details 
To investigate the associative NRR mechanism over TM surfaces, we used DFT 
calculations and obtained free energy diagrams for all possible reaction intermediates. The DFT 
calculations were performed using the Vienna ab initio simulation package (VASP) with 
projector-augmented wave pseudopotentials and the RPBE (revised Perdew-Burke-Ernzerhof) 
functional,25-27 where the plane-wave kinetic energy cutoff was 520 eV. During the DFT 
calculation, the spin-polarized condition and the van der Waals interaction (Grimme’s DFT-D3 
method) were adopted.28 For the TM surfaces, we considered close-packed surfaces of each 
crystal structure: (111) for fcc metals (Pd, Rh, Ni, Mn, Cu, Ag, Pt, and Au), (001) for hcp (Ru, 
Sc, Ti, and Co), and (110) for bcc (Fe, Cr, Mo, and W). The flat surfaces were modeled with 
four-layer slabs repeated periodically with a 3×3 unit cell, and the 4×4×1 Monkhorst-Pack k-
point mesh was used.29 The top two layers of the slab models and the adsorbates were allowed to 
relax until the forces on the individual relaxed atoms were less than 0.05 eV Å-1, while the 
Page 4 of 22
ACS Paragon Plus Environment
The Journal of Physical Chemistry
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
 5
bottom two layers were fixed during the optimization process. Moreover, a free energy 
correction was considered using a standard vibrational correction in the harmonic approximation 
to enthalpy and entropy. Additionally, solvation effects were not included because the solvation-
induced stabilization of adsorbates in the NRR is within 0.1 eV of the theoretical overpotentials 
for each TM.22 Details can be found in the Supporting Information (SI).  
 
2.2. Experimental Section 
We also electrochemically measured NH3 production rates to estimate catalytic activities 
of Fe, Ru, Pd, and Rh nanoparticles (NPs), in which the TM catalysts were purchased as metallic 
catalysts and used after a reductive thermal treatment and all of them have spherical shapes (Fig. 
S5). Details on the TM catalysts and the reductive thermal treatments are additionally explained 
in the SI. Colorimetrtic analysis of the produced NH3 allows quantification of the 
electrochemical NRR activity on different TM surfaces (Figs. S7-S10). According to the Wulff 
construction based on surface energies of the TM metals,30,31 the exposed surfaces in the 
spherical NPs are mostly close-packed surfaces. This justifies the use of the close-packed 
surfaces in the present DFT calculations. No oxide layer on the TM surfaces can be presumed 
under the operating conditions of our electrochemical measurements, i.e., negative applied 
potentials under reducing environments (Fig. S11). The electrochemical NH3 synthesis was 
carried out in a single-cell environment. An anion exchange membrane was used as the solid 
electrolyte separator in an electrolytic cell. Fe, Ru, Rh, and Pd were investigated as the cathode 
catalyst, and IrO2 was fixed as an anode catalyst. The MEA (membrane electrode assembly) was 
constructed with an anion exchange membrane electrolyte embedded between the cathode and 
the anode. The NRR was performed at the cathode under gaseous humidified N2 atmosphere at 
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338 K, while 0.5M KOH solution was supplied to the anode for water oxidation. The NH3 
produced at the cathode was transported to the external acid trap of 10 mM H2SO4 aqueous 
solution. The acid trap solution prevented the leakage of NH3 gas into the air, and the 
concentration of NH4+ in the trap was evaluated. Experimental details can be also found in the SI. 
In addition, nuclear magnetic resonance (NMR) measurements were conducted to clarify the 
source of NH3 existed in the trap solution. 1H NMR spectra were obtained for the post-
electrolysis 0.1 M KOH electrolyte using Pd/C coated carbon paper with 14N as the feeding gas 
and deuterium oxide (D2O, Sigma Aldrich) was used as lock agent. Before the NMR 
measurement, pH of electrolyte (0.1 M KOH) was adjusted using 1 M H2SO4. In the NMR 
Spectra, a triplet coupling for 14NH4+ was observed for the 14N2 saturated electrolyte. 
 
3. Results and discussion 
3.1. The activity trend of Fe, Ru, Pd, and Rh 
Free-energy diagrams for the associative NRR mechanism on Fe(110), Ru(001), Pd(111), 
and Rh(111) are shown in Fig. 1. From the 2nd protonation, two reaction pathways are possible; 
i.e., *N2H2 can be either *NNH2 or *NHNH. Our DFT calculation reveals that the *NNH2 
formation is more thermodynamically plausible over the TM surfaces than the *NHNH 
formation. It is worth noting that among several elementary steps, the change of free energies 
(△G*N2H-△G*N2) between *N2 and *N2H molecules on the TM surfaces is the highest. This 
implies that this step would be the PDS for NH3 synthesis. Since △G*N2H-△G*N2 is 0.80 eV for 
Fe(110), 1.41 eV for Ru(001), 1.57 eV for Pd(111), and 1.71 eV for Rh(111), it is expected that 
their activity trend for NH3 synthesis would be Fe(110) > Ru(001) > Pd(111) > Rh(111), based 
on the Brønsted-Evans-Polanyi relation indicating a linear relation between the activation energy 
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and the reaction energy.32,33 For comparison, we also investigated free energy diagrams for N2 
reduction over Fe(111), Fe(100), Ru(111), and Ru(110) surfaces (Figs. S3 and S4) and then 
found that for the Fe and Ru surfaces, the *N2H formation reaction is the PDS, as observed on 
Fe(110) and Ru(001). Based on △G*N2H-△G*N2, it can be expected that the activity trend is 
Fe(111) (0.47 eV) > Fe(110) (0.80 eV) > Fe(100) (0.98 eV) > Ru(111) (1.10 eV) > Ru(001) 
(1.41 eV) > Ru(110) (2.12 eV), in which the Fe surfaces show a higher activity than Ru surfaces 
because all of the energy differences on the three Fe surface are lower than those on Ru surfaces.  
To test the theoretical activity trend in experiments, the NH3 production rates over Fe, Ru, 
Pd, and Rh NP surfaces were examined in the two-electrode device. Since the Fe, Ru, Pd, and Rh 
NP sizes are not identical (Fig. S5), we used Brunauer-Emmett-Teller (BET) surface area 
normalized NH3 production rates for assessing the intrinsic activity of the catalyst. Instead of the 
BET surface area, electrochemical active surface area can be also considered to obtain the 
catalytic activity. However, it is very challenging to determine the actual surface areas of active 
catalysts without the contribution of inactive carbon supports during electrochemical 
measurements. When the TM catalysts are supported on the porous carbon paper for 
electrochemical tests, the obtaining charging current includes both of the contributions from 
activated carbon used as a support and from the carbon paper used as the electrode substrate. 
Accordingly, in this work, we used the BET normalized activity.  
The mass activities, the faraday efficiency (FE) values, and the BET area-normalized 
NH3 production rates (rNH3) are summarized in Table 1. The NRR activity trend displayed in the 
experiment is indeed Fe > Ru > Pd > Rh, as theoretically predicted with the limiting potential 
(UL) that is determined as the negative of ΔG*N2H-ΔG*N2 when the PDS is *N2→*N2H (Fig. 2). 
In this study, gaseous N2 was supplied to the TM cathodes to reveal the NRR kinetic without 
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mass transport limitation of N2. However, the faraday efficiencies toward NH3 production were 
still limited to approximately 4.15, 0.23, 0.25, and 0.21% for Fe, Ru, Pd, and Rh NPs, 
respectively, and the HER occurs dominantly. The proton reduction kinetics can be faster than 
those of NRR, with a smaller number of electrons and atoms involved in the electrode reaction, if 
no HER inhibitor or aprotic solvent is employed.34,35 In this study, reduction of the HER activity 
using the aprotic or cationic inhibitors was not particularly pursued, but only the specific 
adsorption of N2 to TMs is considered. We also note that no hydrazine as a possible by-product 
of NRR was observed during the measurements in the colorimetric analysis. Furthermore, 
according to our NMR experiments, no triplet peaks corresponding to 14NH4+ were observed 
from the NMR spectra under Ar feeding conditions, although the peaks were observed with 14N2 
as the feeding gas (Fig. S12). A possibility for NH4+ production from the reduction of NOx ions 
in the electrolyte, which has been recently issued,36,37 can be regarded to be insignificant because 
no 14NH4+ were detected under Ar atmosphere in the NMR measurements. As a result, this 
implies no significant interference in the colorimetric determination of NH4+ and supports that 
the NH3 is indeed produced from the feeding N2 gases.  
According to the reported volcano plot between the theoretical limiting potential for N2 
electroreduction of Fe, Ru, Pd and Rh,21 the activity for NH3 synthesis shows the following trend: 
Fe(110) > Ru(001) > Rh(111) > Pd(111). However, both of our experiments and DFT 
calculations with the investigation of diverse adsorption sites of N2 and N2H for Fe, Ru, Rh, and 
Pd show that the Rh catalyst shows the  lower activity than Fe, Ru, and Pd (Fig. 2). In this regard, 
we clarified that the activity trend of Fe, Ru, Pd and Rh catalysts is correlated with the △G*N2H-
△G*N2 value. 
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To understand the origin of the activity trend of the Fe, Ru, Pd, and Rh TMs, we focused 
on the electronic structures of N2 adsorbed on the TM surfaces (Fig. 3). Because the PDS for 
electrochemical NH3 synthesis over the TM surfaces is a protonation reaction of *N2 (*N2 + H+ + 
e- → *N2H), their catalytic activities are determined by the ability of N2 adsorbed on the catalyst 
surfaces to easily obtain electrons. In electronic structures, the ability can be estimated by the 
energy difference between the LUMO (lowest unoccupied molecular orbital) of the adsorbed N2 
on the TM surfaces and the fermi energy (EF). In the gas phase, the LUMO of N2 is 𝜋ଶ௣∗ . Upon 
adsorption of N2 over the TM surfaces, the 𝜋ଶ௣∗  orbital of N2 is hybridized with d orbitals of the 
TMs, leading to a shift to lower energy levels. The energy difference between the LUMO and the 
EF follows a trend of Fe(110) < Ru(001) < Pd(111) < Rh(111); i.e., electrons can most easily 
occupy the LUMO over Fe(110) during the protonation of N2 and with the opposite true over 
Rh(111), which indeed follows the experimental activity trend in Fig. 2.  
 
3.2. The activity trend of early TMs (e.g., Sc and Ti ) 
To expand the correlation between the activity of TMs and the electronic structural 
feature, we additionally considered early TMs, such as Sc and Ti, because these TMs are 
reported to have a different PDS from those of Fe, Ru, Pd, and Rh, i.e., *NH protonation to form 
*NH2 (*NH + H+ + e- → *NH2).10 This was also confirmed by our DFT calculations on the 
electrochemical NRR mechanisms over Sc(001) and Ti(001) (Fig. 4). For these cases, the 
catalytic activity can be estimated by the energy difference between the LUMO of the *NH on 
the TM surfaces and EF, where the LUMO of the NH radical in the gas phase has the p orbital 
character in the N atom and it is hybridized with d orbitals of the TMs upon adsorption. The 
energy difference is 1.31 eV over Sc(001) and 1.02 eV over Ti(001) in Fig. 3, implying a higher 
NRR activity over Ti(001) than over Sc(001). Indeed, in their energy profiles for the NRR (Fig. 
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4), the energy difference for *NH + H+ + e- → *NH2 is smaller over Ti(001). Additionally, by 
comparing the LUMO energies of *N2 and *NH over Sc(001) and Ti(001) (e.g., for Sc(001), 
0.20 eV for *N2 versus 1.31 eV for *NH), it is clear that over the TM surfaces, an electron 
addition into *NH is harder than that into *N2, which indicates that the PDS over the TM surface 
is observed to be the step for the protonation of *NH rather than the protonation of *N2. 
Conversely, over Fe(110), Ru(001), Pd(111), and Rh(111) surfaces, an electron addition into *N2 
is harder than that into *NH.  
 
3.3. Determination of sixteen diverse TMs 
From the results discussed so far, the catalytic activity on flat surfaces of TMs can be 
estimated by comparing the following two free energy differences: △G*N2H-△G*N2 versus 
△G*NH2-△G*NH. Of course, as already mentioned, stepped surfaces can show a different PDS, 
such as *NH2 protonation to form *NH3.22 The exposed surfaces in the spherical NPs are mostly 
close-packed surfaces according to the Wulff construction based of surface energies of the TM 
metals.30,31 Thus, we focus on the flat surfaces of TMs in this work. By additionally calculating 
the free energy change, we determined the activity trend for NH3 synthesis of sixteen TMs (Fig. 
5). For a given TM surface, as both of the free energy changes approach zero, the TM shows a 
high catalytic activity. From Fig. 5, we determined the activity trend of the sixteen TMs to be 
Fe(111) > W(110) > Fe(110) > Mo(110) > Fe(100) > Cr(110) > Mn(110) > Ru(001) > Ti(001) > 
Pt(111) > Sc(001) > Co(001) > Pd(111) > Ni(111) > Rh(111) > Cu(111) > Au(111) > Ag(111). 
In addition, we need to compare the activity trend of Fe and Ru, as their activity trend for 
electrochemical NH3 synthesis has been still controversial.3,22,24 According to our joint 
experiment-theory study, Fe shows a higher activity than Ru, at least for low index surfaces, in 
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which all of Fe(110), Fe(100), and Fe(111) surfaces have a higher activity performance than 
Ru(001), Ru(110), and Ru(111).  
 
4. Conclusion 
In conclusion, we have studied the activity trend of Fe, Ru, Rh, and Pd TM catalysts for 
the electrochemical NRR both experimentally and theoretically, where the trend follows Fe > Ru 
> Pd > Rh . The activity trend can be explained by the energy difference between the LUMO of 
the adsorbed N2 and EF, based on the fact that the PDS over the TMs is the protonation step of 
N2 adsorbed over the surfaces. On the other hand, the PDS over early TMs, such as Sc or Ti, is 
found to be the protonation step of *NH. Thus, their activity can be estimated by the energy 
difference between the LUMO of the *NH and EF. Based on the above results, we have also 
determined an activity trend of 16 TM surfaces. We expect that this work could pave the way to 
novel catalysts with a high activity for electrochemical NH3 synthesis. 
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Table 1. Mass activities, faraday efficiency (F.E.) values, and BET surface area-normalized NH3 
production rates (rNH3) at the Fe, Ru, Pd, and Rh nanoparticles (NPs) for electrochemical NH3 
synthesis experiments. 
Catalyst Mass activity (mol s-1 mg-1) 
F.E.             
(%) 
BET surface area   
(m2 g-1) 
rNH3             
(mol s-1 cm-2act) 
Fe NPs 2.36ൈ 10-11 4.15 10.3 2.35ൈ 10-13 
Ru NPs 1.72ൈ 10-11 0.23 61.3 0.35ൈ 10-13 
Pd NPs 2.53ൈ 10-11 0.25 657.4 0.04ൈ 10-13 
Rh NPs 0.17ൈ 10-11 0.21 43.7 0.02ൈ 10-13 
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Figure 1. Free energy diagram (below) at U=0 V (vs. RHE) for the reaction intermediates that 
are the lowest energy structures (above) in the associative nitrogen reduction process of N2 to 
NH3. The free energy pathway consists of 7 consecutive steps for proton-coupled electron 
transfers from *N2 to *NH3. Here, from the 2nd protonation, two reaction pathways are possible; 
i.e., *N2H2 can be either *NNH2 (solid line) or *NHNH (dotted line). The target catalytic 
surfaces are Fe(110), Ru(001), Rh(111), and Pd(111). Pink, yellow, brown, green, blue and white 
atoms indicate Pd, Rh, Ru, Fe, N and H, respectively.  
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Figure 2. Comparison between the experimental BET surface area-normalized NH3 production 
rates (rNH3) (gray bar) and the limiting potential (UL) (pink line) during the protonation of *N2 
(*N2 → *N2H) for the Fe, Ru, Pd, and Rh metals. Here, the rNH3 was measured at an applied 
voltage of 1.3 V. 
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Figure 3. LDOS of (a) *N2 and (b) *NH adsorbed on TM surfaces. In each figure, the top to 
bottom are for the gas phase, Fe(110), Ru(001), Pd(111), Rh(111), Sc(001), and Ti(001), 
respectively. The dashed line indicates the fermi level (EF). The red value in each figure indicates 
the energy level (red star) of the LUMO and the green star in the figure of the gas phase indicates 
the energy level of the HOMO. The charge density at the energy level is shown on the right of 
each figure. 
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Figure 4. Free energy diagram at U=0 V (vs. RHE) for the reaction intermediate in the 
associative NRR process of N2 to NH3 on the Sc(001) (red) and Ti(001) (orange). The free 
energy pathway consists of 7 consecutive steps for proton-coupled electron transfers from *N2 to 
*NH3. Here, from the 2nd protonation, two reaction pathways are possible; i.e., *N2H2 can be 
either *NNH2 (solid line) or *NHNH (dotted line). 
  
Page 20 of 22
ACS Paragon Plus Environment
The Journal of Physical Chemistry
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
 21
 
Figure 5. Comparisons with free energies between △G*N2H-△G*N2 and △G*NH2-△G*NH for the 
protonation of *N2 (*N2 → *N2H) and *NH (*NH → *NH2) over various TM surfaces during 
the associative NRR processes. The dashed lines indicate equally dominant protonations of *N2 
and *NH. 
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